Abstract A methodology for the analysis of land surface control on evapotranspiration and heat fluxes is presented, based on the assimilation of remotely sensed data. The method is suitable for application in areas with limited data availability since only standard micro-meteorological measurements and land surface temperature maps are required, while no a priori information about land cover is required. The land cover effect on the heat exchange is inferred from the assimilation in terms of heat transfer coefficients. The methodology has been applied in the Ethiopian Rift Valley where desertification processes are progressing at a high rate in association with remarkable temperatures recorded in the last decades. Measurements of radiation, temperature and wind profiles were taken in a field campaign. The land surface temperature maps were obtained from NOAA-AVHRR. The results show reasonable estimates of the retrieved surface fluxes and spatial patterns of heat transfer coefficients consistent with those of land cover and vegetation.
INTRODUCTION
The estimation of the exchange of moisture and heat from land to atmosphere is necessary for many applications. In fact, such fluxes are a key variable for the determination of hydrological conditions in soil and vegetation, play a significant role in the water and carbon cycle and act as a boundary condition for the dynamics of the troposphere. Heat and moisture flux data are required for the study of land degradation, for monitoring moisture stress in plants and crops and consequent irrigation planning, for the analysis of processes occurring in the atmospheric boundary layer and for the interpretation and prediction of climate. However, a ground-based network of surface flux and energy balance measurements is logistically and economically difficult to set up. Surface flux data are only available from time-limited intensive campaigns (FIFE, HAPEX, BOREAS) and more recently from very sparse operational networks (AMERIFLUX, CARBOEUROPE, ASIA-FLUX).
Many surface characteristics related to land use (albedo, surface roughness, land surface temperature, type of vegetation) play a significant role in the determination of fluxes, and changes in land surface conditions also result in changes in moisture and heat fluxes. Such parameters are difficult to measure with an adequate spatial distribution and, usually, very rough simplifications and empirical assumptions have to be made, often leading to erroneous flux estimation. Furthermore, the need to a priori relate the flux exchange parameters to the land surface characteristics, as required in most approaches, makes it impossible to evaluate independently the effect of land cover changes on the process. An alternative approach is to retrieve the flux exchange parameters exploiting only the "signature" they impose on the daily evolution of land surface temperature (LST) dynamics. In this case, independent information on land cover and vegetation can be used in post-processing for the evaluation of results.
Data provided by Earth-observing satellites are extremely useful tools for mapping land surface temperature for the retrieval of heat fluxes at regional or watershed scales (Patel et al., 2006) . Land surface temperature may be considered to be the main prognostic variable for the study of the energy balance components. Its remote estimation may be provided with reasonable accuracy from sensors operating in the thermal infrared (Qin & Karnieli, 1999) and microwave spectral bands (McFarland et al., 1990) . The satellites operating currently-both geostationary (e.g. GOES, MSG) and near polar (e.g. MODIS, NOAA, DMSP)-guarantee an adequate availability of LST products in terms of space-time resolution, and recently available systems carry sensors for enhanced LST retrieval (e.g. the SEVIRI instrument on board the second-generation Meteosat).
Crucial factors in the dynamics of the thermal response of the land surface are, on the one hand, the influence of the surface characteristics and roughness on the turbulent transport, and on the other the controlling role of soil moisture in partitioning the available energy among sensible and latent heat fluxes. Surface effects on turbulent transport are usually parameterized by defining specific exchange coefficients, such as the bulk transfer coefficient for heat, C H .
Following the bulk heat transfer parameterization, sensible heat flux, H can be computed in terms of the temperature gradients between the land surface (T s ) and the atmosphere (T air ):
where U is wind speed and c p and ρ are thermodynamic properties (air specific heat and air density, respectively). The dimensionless parameter C H is the bulk transfer coefficient for heat and includes the effects of both land surface characteristics (roughness, surface geometry) and of atmospheric stability (Van Den Hurk & Holtslag, 1997) . A convenient parameter for the representation of the flux partitioning is the evaporative fraction, EF. The evaporative fraction is defined as the ratio between the latent heat flux (LE, where L is latent heat of vaporization) and the sum of the turbulent fluxes:
The evaporative fraction may be directly related to some measure of the soil saturation state (Mahfouf & Noilhan, 1991) . In general, when there is higher moisture availability EF tends to increase since latent heat flux is favoured as a more efficient way for dissipating heat, while when the soil is dry, latent heat flux is limited and therefore EF decreases.
Using the definition of the evaporative fraction, the latent heat flux can be computed from equation (2) as:
A fundamental issue is then the optimum use of data from remote sensing in the retrieval of the surface control parameters C H and EF. Many of the approaches proposed in the past have focused on establishing a relationship between the variables that can be observed from satellites, such as vegetation indices and land surface temperature (Gillies et al., 1997) and the parameters that regulate the heat transfer process.
In this study, a data assimilation scheme is applied that uses the information contained in sequences of remotely sensed land surface temperature maps in order to retrieve the parameters that control the evapotranspiration fluxes in a representative area covering approximately 13 000 km 2 in the Great Lakes Region of Ethiopia (Fig. 1) . The data assimilation framework is designed, which requires very limited ancillary information and takes advantage of different satellite/sensor configurations, i.e. using data with different spatial and temporal resolution. The method does not require any a priori assumption on land cover and vegetation, and can therefore be used to investigate independently the effects of land surface on the heat and moisture exchange. The methodological background and the assimilation scheme are outlined in the next section. The subsequent sections contain descriptions of the main climatological and geomorphological characteristics of the study area and of the data used for the application, including remote sensing and field surveys. Finally, the results obtained and the further developments of the model are discussed. A more detailed mathematical formulation of the multi-scale assimilation system is provided in the Appendix.
METHODOLOGICAL BACKGROUND: DYNAMIC ASSIMILATION OF LAND SURFACE TEMPERATURE FROM REMOTE SENSING
In order to take full advantage of the availability of sequences of remote LST estimates, that is to use also the temporal information in the assimilation procedure, a variational approach similar to the one described in Caparrini et al. (2003 Caparrini et al. ( , 2004 ) is used.
Variational techniques are based on the formulation of an inverse (adjoint) physical constraint derived from the forecast (forward) model and the assimilation problem is then redefined as an iterative process with which the aim is to minimize the gap between observed fields and initial model states. In other words, given a sequence of observations of certain variables, the variational techniques are used to retrieve the parameters of the forecast model that give the optimum estimation of such fields. The variational data assimilation techniques allow efficient and robust estimation of surface states and parameters even when noisy observations and models with structural errors have to be merged (Hildebrand, 1952) . The mathematical formulation is based on the minimization of an objective function which includes measurements and model errors, and the adjoint physical constraint. Usually, quadratic penalty functions are used. Formally, it is an optimization problem with constraints that may be solved through the Lagrange multipliers technique (Bryson & Ho, 1990) .
In the data assimilation framework used here, the penalty function incorporates, as a physical constraint, a simple surface energy balance model for the "prediction" of the LST evolution with parameters C H and EF, previously introduced. Such physical constraint is here given by the force-restore approximation of heat diffusion in the soil-vegetation medium (Bhumralkar, 1975) .
The first term of the penalty function is given by a quadratic measure of the misfit between model predictions and LST observations. This is to be minimized on the (C H , EF) parameter space under the constraints of the model. The misfit measure is formulated here in such a manner that LST observations with different accuracy and/or different spatial resolution, i.e. provided by different sensors, may be used together in the same assimilation sequence.
In order to be able to estimate two independent parameters by assimilating measurements on a single state variable, two main working hypotheses were introduced by Caparrini et al. (2003) : -the evaporative fraction EF is kept constant during daytime hours, and may vary from one day to another; this hypothesis is supported by several field campaigns and studies (Crago, 1996) ; -the bulk transfer coefficient is split into an equivalent "neutral" part C HN and a stability correction, empirically related to a bulk Richardson number. The neutral part C HN is the actual estimated parameter, and depends only on surface characteristics (vegetation cycle). It is kept constant over a longer time scale (of the order of a month, during which the surface structural characteristics may be reasonably considered as invariant).
The above-mentioned temporal constraints on the two estimated parameters enable their simultaneous retrieval from the assimilation of LST states only. However, such hypotheses, although acceptable for most conditions, can generate inaccuracies (for example, the assumption of constant EF implies no phase shift between latent and sensible heat flux, while a deviation between peaks of sensible and latent heat flux it is often naturally observed, especially over vegetated areas).
The mathematical formulation of the penalty function is outlined in the Appendix. A more detailed insight in the physical background and methodological approach can be found in Caparrini et al. (2003 Caparrini et al. ( , 2004 .
STUDY AREA
The study area is part of the Great Lakes Region of the Main Ethiopian Rift Valley ( Fig. 1) and is located on the western side of Lake Ziway. The broad physiography of the region consists of a large-scale stepped morphology induced by a sequence of descending fault scarps. Almost the entire area is underlain by Quaternary volcanic rocks (namely tuffs, volcanic ash, ignimbrites and lava flows) with the exception of a narrow belt around the great lakes (Ziway and Shala) on the Rift Valley bottom ,where Quaternary lacustrine deposits outcrop (Benvenuti et al., 2002) .
The Great Lakes Region is characterized by an endorheic drainage network, since the base level for all the river systems consists of the major lakes on the Rift Valley floor, i.e. Ziway, Langano, Abiyata Shala and Awasa. Lakes Ziway and Langano are superficially linked to Lake Abiyata by the Bulbula and Horakelo rivers, respectively, which represent the main water input to Lake Abiyata, while part of its water is probably lost through infiltration toward Lake Shala, which is the least elevated and deepest lake of the region. The lakes watershed is about 52.7 × 10 3 km 2 and annually receives approx. 4.6 × 10 9 m 3 of rainfall. For Lake Ziway, the water inflow (river supply + rainfall) is about 1065 × 10 6 m 3 year -1 , while the outflow (Bulbula + evaporation) amounts to about 1000 × 10 6 m 3 year -1 ; hence there is a good balance between water supply and loss given the relative stability of the lake level in recent decades (Vallet-Coulomb et al., 2001) . By contrast, in Lake Abiyata, evaporation is not balanced by inflow and this definite water deficit is leading to a remarkable shrinkage as shown by topographic surveys carried out in recent decades (Billi, 1998; Le Turdu et al., 1999) .
The climate of the study area can be classified as tropical wet-dry (according to the Koeppen-Geiger system of climate classification) since it is characterized by a wet season controlled by moist, warm equatorial and maritime tropical air masses at the time of high sun and by a dry season controlled by the continental tropical air masses at the time of lower sun elevation angle. All monthly mean temperatures are over 18°C (tropical climates) and the dry season is in winter. Rainfall is distributed in three main periods: the short rainy season (locally known as Belgh) from March to May; the big rains (Kiremt) from June to September; and the dry season, from October to February, when precipitation may be close to nil. Around the lakes, semiarid conditions are recorded as the annual rainfall may drop to less than 600 mm (Tesfaye Chernet, 1982) (Fig. 2) with the Kiremt rainfall accounting for about 55% of the annual precipitation, while the Belgh and the dry season contribute with only 30 and 15%, respectively. Hourly rainfall intensity data are available only for Ziway and for a small number of years. Maximum intensities are not very variable, since from February to October they range from 20 to 30 mm·h -1 , with a peak in August of about 40 mm·h -1 . The same is observed for the mean values which vary from 10 to 20 mm h -1 for the same months. The mean annual temperature is above 20°C. Potential evaporation is higher than 2000 mm·year -1 (pan evaporation data), while potential evapotranspiration, calculated by the Thornthwaite method, is about 900 mm·year -1 (Fig. 3) . The Rift floor and lower slopes are covered by sparse acacia tree forest and bushed grass, while the main cultivated crops include maize (by far the most common, covering about 35% of cropland during the growing season), wheat, teff, barley, sorghum and millet (Tesfaye Chernet, 1982) .
DATA

Remote sensing data
The assimilation model was applied to a study area in the Great Lakes Region approximately bounded by the coordinates 7.75-8.5°N and 38-39°E. The land surface temperature maps for the study area were obtained from the Advanced Very High Resolution Radiometer (AVHRR) on board the National Oceanographic and Atmos-pheric Administration (NOAA) satellites. The AVHRR has two infrared bands, corresponding to channels 4 and 5, which operate respectively at 10.5-11.3 µm and 11.5-12.5 µm. The other three bands operate in the visible and near infrared ranges. Two different AVHRR radiance products are available: the LAC (Local Area Coverage), which has a pixel resolution of 1.1 km, and the GAC (Global Area Coverage), with a pixel resolution of 4 km. Each satellite of the NOAA series is designed to overpass the same location twice a day. Usually, at least two platforms are simultaneously operating, thus providing for the same location four AVHRR measurements per day (two during daylight and two at night). For the period of study, the day-time overpass times available were at 07:30 and 14:30 h (from satellites NOAA 15 and 16).
Several algorithms for the retrieval of land surface temperature maps from the AVHRR have been proposed in the past two decades. Such algorithms, which have different formulations, are all based on the principle that the land surface temperature can be obtained using spectral measurements in two contiguous thermal bands (i.e. channels 4 and 5 of the AVHRR), taking advantage of the differential absorption in the two close infrared bands to account for the effects by atmospheric gases. The so-called "split-window" algorithm assumes that LST is linearly related to brightness temperature obtained from channels 4 and 5 of the AVHRR. In order to establish such a linear relationship between brightness temperature and true surface temperature, one has to take into account the atmospheric effects and surface emissivity. For a detailed review of theoretical aspects of such methods and others, see Qin & Karnieli (1990) .
Under clear sky conditions, the split-window methods can give land surface temperature retrieval with accuracy of the order of 3°K. The choice of one formulation or the other is generally case-specific and also depends on the availability of atmospheric data and accurate radiative transfer models. A comparative study of several algorithms can be found in Pozo Vazquez et al. (1997) . The split-window algorithm used in this study is that proposed by Ulivieri et al. (1994) , which has proven to be one of the most reliable and adaptable to different conditions. The AVHRR images for the period of study (17-19 November 2001) were obtained from the Satellite Active Archive of the NOAA. The images were georeferenced and pre-processed in order to mask out the cloud-contaminated pixels and water surfaces. Each pixel of the AVHRR image was tested for the presence of clouds by applying threshold criteria to corresponding channel values, following the methodology by Derrien et al. (1993) .
Field measurements
The basic micrometeorological data required for the application of the assimilation scheme are air temperature, wind speed and net radiation. If radiation data are not available as net balance, additional variables are necessary to compute the net radiation from available shortwave and longwave measurements. For the present experiments, measurements of the micro-meteorological variables required, together with other observations of interest, were collected by field campaigns on various sites characterized by different land cover types.
The field data were all collected by light, portable instruments, which consisted of: (a) a barometric pressure meter; (b) an air thermometer (±0.1°C accuracy); (c) a soil surface thermometer (±0.1°C accuracy); (d) an air relative humidity meter (±2% accuracy); (e) two anemometers (range: 0-177 km h -1 , accuracy: 5%); (f) a net solar radiation meter (sensibility 10 mV/ W m -2 ); and (g) a soil moisture meter to measure the relative saturation of the soil. Since the accuracy of the latter instrument is not high, undisturbed soil samples were also taken for laboratory determination of soil moisture.
The micrometeorological data were measured at three different sites whose main characteristics are reported in Table 1 .
Measurements were taken at hourly intervals on 17-19 November 2001. In the field campaign, data were collected regularly each day from a different site. Table 2 reports a synthesis of the hourly data collected in the November 2001 campaign. Also, every day, between 12:00 and 14:00 h, instrumentation was moved from one site to the other in order to have a time series of the micrometeorological measurements taken around peak-radiation hours for each site (Table 3) . The data collected at field sites, necessary as input for the assimilation model, were spatially interpolated using a regression on the altitudes and hourly maps at the model resolution (1 km) of air temperature and pressure, wind speed and net radiation for the study area. The use of interpolated data may introduce errors and dependencies on the interpolation method; for large-scale applications, a more dense measurement network and/or the integration with data from Limited Area Models would be advisable. Incoming radiation can also be derived from remote sensing (Jacobs et al., 2004) : several products are becoming available based on the use of geostationary satellites like SEVIRI on MSG or GOES.
RESULTS
The multi-scale variational assimilation algorithm was applied for the study area, with a time step of 30 min and a grid calculation of 1 km. The spatial domain was covered by a 91 × 121 grid. The maps of micrometeorological variables (available hourly, see previous section), were interpolated at 30 min steps using spline functions.
The outputs of the simulation provide the estimation of surface fluxes and control parameters (bulk transfer coefficient for heat and evaporative fraction). Figure 4 (a) shows the retrieved neutral C H values. The C H values obtained range from 2.9 × 10 -3 to 1.38 × 10 -2 , which corresponds to values commonly reported in the literature for this kind of landscape (Stull, 1988) . The comparison with a land cover map (Fig. 4(b) ), which is not used in the assimilation but only for posterior considerations, shows spatial patterns of retrieved C H consistent with land cover types, with higher C H values in the more dense altimontane vegetation area in the northwest and lower values in the bushland stripe with a SW-NE orientation. The land cover classes are from the (White, 1983) . Further spatial variability shown in the map may be related to other surface characteristics, which affect the heat transfer process, in most cases difficult to parameterize uniquely (e.g. leaf area index, topography, etc.). This qualitative visual interpretation is confirmed by the evaluation of the statistical distribution of C H among different vegetation classes. Figure 5 shows the histograms of the C H values for the pixels of the study area separated into three major land cover groups, using independent sources of information for the land cover classification. It is clearly visible that the different vegetation types have distinctive distributions of the heat transfer coefficients. The altimontane and afrimontane classes have a less spread distribution with modal values of C H between 10 -2.3 and 10 -2.25 , while the distribution of the more heterogeneous bushland pixels has a peak at C H =10 -2.325 . Figure 6 shows the retrieved evaporative fractions for the three days of simulation. Since no relevant meteorological change (e.g. rainfall events) occurred in the period of study, the EF values show a relatively limited range of variability: 0.74-0.76. Again, spatial patterns are recognizable, in particular with regard to topographic effects. On 17 November, higher evaporative fractions were obtained in the valley near Lake Ziway, while on the other days the EF values tended to be more uniform.
UNESCO White's Vegetation Map of Africa
Given the parameters EF and C H , latent and sensible heat fluxes at half-hourly time resolution were computed. As an example, Fig. 7(a) shows the retrieved values for peak latent heat fluxes and Fig. 7(b) those for sensible heat fluxes. It can be noted that topography, together with land cover and vegetation, controls the spatial distribution of total fluxes. This is affected also by the spatial interpolation of micrometeorological measurements, which was performed as a regression on the altitudes. Peak latent heat flux reached values of 385 W m -2 , while peak sensible heat flux was 150 W m -2 . Figure 7 (c) shows the retrieved mean daily evapotranspiration for the three days of analysis (mean latent heat flux converted to mm). The values obtained show that, in most areas, the evapotranspiration values obtained ranged from 0.5 to 1.5 mm day -1 , leading to approx. 30 mm month -1 . 
CONCLUDING REMARKS
A physically-based methodology for the estimation of land surface fluxes from remote sensing was applied for a study area in the Lake Ziway region in the Ethiopia Rift Valley. The methodology is simple and parsimonious in terms of data requirement, and is therefore suitable for an operational use and for application in study areas where very limited observations are available. The data required are land surface temperature maps obtained from remote sensing and standard micrometeorological measurements. The retrieval scheme is not linked to any particular sensor/satellite configuration, and can be adapted to different availability of remote sensing data. In this application, data from the NOAA-AVHRR were used.
One of the major advantages of the scheme is that it does not require any a priori information about land cover and vegetation. The land cover effect on the heat and moisture exchange is in fact inferred from the assimilation scheme, and is contained in the bulk heat transfer coefficient. This opens the path to application of the methodology in the quantitative analysis of the impact of land cover changes on evapo-transpiration regimes, retrieving the moisture fluxes from the assimilation scheme over different periods and then comparing them with independent information on changes in land cover and vegetation status.
In particular, since AVHRR data are available starting from the early 1980s and time series of standard micrometeorological data can be obtained from the National Weather Services records or reanalysis products, the method has the potential application for the detection of land-atmosphere interactions during decadal climate change fluctuations.
In this study, the analysis was limited to a three-day period in November 2001, for which accurate micrometeorological data from a field campaign were available. The results show that different land cover types have different heat transfer efficiency, as expressed by the bulk heat transfer coefficient, which, in the present case, is higher for altimontane and afrimontane vegetation and lower for bushland and thicket. The retrieved average daily evapotranspiration for the area ranges from 0.5 to 1.5 mm day Although a sounder interpretation of the results was not possible, due to lack of adequate flux measurements over the study area in Ethiopia, the application presented here confirms the potential of the land data assimilation scheme both as an operational tool for the monitoring of surface energy balance and moisture and heat fluxes, and for a better understanding of surface effects on moisture and heat transport under a variety of land cover types and environmental conditions.
